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Abstract M-doped TiO2 nanoparticles (M = Cu, Zn) were prepared by the sol–gel method. X-ray

diffraction (XRD), scanning electron microscopy (SEM), FT-IR and UV–vis spectroscopy tech-

niques were used to characterize the samples. Photocatalytic activities of samples for methyl orange

(MO) degradation and the chemical oxygen demand (COD) were investigated. XRD results con-

firmed the formation of the anatase phase for the TiO2 nanoparticles, with crystallite sizes in the

range of 9–21 nm. The small crystallite size and doping ions (Cu and Zn) inhibited any phase trans-

formation and promoted the growth of the TiO2 anatase phase. The optical study showed that dop-

ing ions lead to an increase in the absorption edge wavelength, and a decrease in the band gap

energy of TiO2 nanoparticles. The doped TiO2 nanoparticles in general showed higher photocata-

lytic activities than the pure ones. The Cu doped TiO2 nanoparticles showed the best photocatalytic

activity based on the measured COD values.

ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
1. Introduction

Traditional processes for waste water treatment are not suffi-
cient anymore to purify highly contaminated water. Some
methods such as combined coagulation, electrochemical oxida-

tion, active sludge, flocculation, reverse osmosis and adsorp-
tion on activated carbon have recently been investigated and
proved to be adequate [1–3]. The main drawback of these

methods is the production of a more concentrated pollutant-
containing phase. However, recent developments were
achieved for the oxidative degradation of the organic com-

pounds either dissolved or dispersed in aqueous media. Among
these ‘‘advanced oxidation processes’’, heterogeneous photoca-
talysis has appeared as an emerging destructive technology
leading to the total mineralization of most organic contami-

nants [4–7]. The photocatalytic method is built on the reactive
properties of electron–hole pairs generated in the semiconduc-
tor particles under illumination by light whose energy is

greater than the semiconductor band gap; these electrons
and holes can recombine or reach the particle surface and react
with species in solution with suitable redox potentials [8].

Among various semiconductors, TiO2 has been considered
the most promising catalyst with many advantages including
organic
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long-term stability, inexpensive and non-toxic to be used for
eliminating environment contaminants in water [9]. However,
the successful application of TiO2 is still constrained by the

wide energy band and fast recombination rate of charge carri-
ers [10]. Hence, recent research attention is focused on the
improvement of the catalytic activities of TiO2 catalysts

through doping with different metal ion oxides [11,12], and
surface modification with metal cations such as Fe3+. These
ions are either incorporated into crystal lattice or intercalation

or highly dispersed on the surface of TiO2 as clusters or mono-
nuclear complexes [13,14]. The objective is to decrease the
energy band gap or to establish energy levels inside the forbid-
den band gap and reduce the recombination processes by

introducing traps for electrons (e�) and/or holes (h+) [15].
Moreover, one of the main drawbacks of using TiO2 as a

photocatalyst is that its band gap lies in the near-UV range

of the electromagnetic spectrum: 3.2 eV for the anatase phase

[10]. As a result, only UV light can create the electron–hole

pairs and initiate the photocatalytic process. However, UV

light constitutes only a small fraction (about 3–5%) of the

solar spectrum. So scientists’ excessive research is ongoing to

shift TiO2 optical response to the visible light range. In order

to overcome this problem, numerous studies have been con-

ducted to enhance the photocatalytic activity of TiO2 by incor-

porating an adequate amount of a transition metal oxide such

as that of Fe, Zn, Cu, Ni and V [16–18]. Doping of these

metals essentially lessens the band gap of TiO2 for the

photo-excitation (red shift) and simultaneously reduces the

recombination rate of photogenerated electron–hole pairs.

Nowadays, a major challenge is to process low-cost, and stable

doped nanomaterials with well-controlled properties that can

effectively absorb visible light. Oxygen demand is an important

parameter for assessing the concentration of organic contami-

nants in water resources. Since the degradation of organic

compounds requires oxygen, their concentrations can be esti-

mated by the quantity of required oxygen [19]. Chemical oxy-

gen demand (COD) is the main index used to assess organic

pollution in aqueous systems [20]. It is defined as the number

of oxygen equivalents consumed in the oxidation of organic

compounds using strong oxidizing agents such as dichromate.

The conventional COD evaluation method (dichromate

method) has some drawbacks, such as long analysis time

(2–4 h), huge amounts of water and electric power, consider-

able errors due to complex operation procedure and consump-

tion of expensive (Ag2SO4), corrosive (concentrated H2SO4)

and toxic (HgSO4) reagents [20]. In recent years, great deals

of efforts have been devoted to the development of rapid,

sensitive and environmentally friendly methods for the deter-

mination of COD. The photocatalysis is considered as one of

these recent techniques. It offers a highly reactive, non-specific

oxidant namely hydroxyl radical (OH�) which is capable of

destroying a wide range of organic pollutants non-selectively

and quickly in water and wastewater [20,21]. These processes

can completely degrade the organic pollutants into harmless

inorganic substances such as CO2 and H2O under moderate

conditions.

The study provides the physical and chemical properties of

the synthesized photocatalysts and the doping ion influence on
the photocatalytic reactions. This work will help in advancing
the ongoing efforts for developing modified semiconductor
photocatalysts to operate efficiently under visible light.
Please cite this article in press as: M. Khairy, W. Zakaria, Effect of metal-doping of
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2. Experimental

In this work, doped titanium oxide nanoparticles were synthe-
sized and tested for their potential use in advanced water treat-

ment applications under UV and visible light. Cu- and Zn-
doped nano-sized TiO2 particles were synthesized and were
characterized using UV–vis. absorption, XRD, FT-IR and

SEM techniques. The photocatalytic activities of the synthe-
sized nano particles were investigated for methyl orange
(MO) degradation under visible light irradiation. MO is
selected as a model dyeing pollutant because it is one of the

most important commercial dyes, has a very short excited-state
lifetime, and is stable to visible and near UV light [22]. More-
over, the possibility of Mn(VII) incorporation into the synthe-

sized particles, as an electron scavenger, was examined to be
used to determine COD in waste water. The measurement is
based on the direct determination of Mn(VII) concentration

changes during the photocatalytic oxidation of organic
compounds.

2.1. Materials

All chemical reagents used were of analytical grade and were
utilized without further purification. The materials used are;
zinc nitrate Zn(NO3)2Æ6H2O (99%), copper nitrate Cu(NO3)2Æ
3H2O, methyl orange MO and absolute ethanol (99%); all
provided from Adwic. Moreover, titanium tetra butoxide
(Ti(OC4H9)4) (97%), provided from Sigma, and double dis-

tilled water were used throughout all the experiments.

2.2. Synthesis of pure and doped TiO2 nanoparticles

Pure TiO2 nanoparticles were prepared using a sol–gel method
as follows. A 7.6 ml of titanium tetra butoxide was slowly
added into 8 ml of ethanol under vigorous stirring until the

gel was formed. The gel was then dried at 100 �C, and finally
calcined at 400 �C, for 3.5 h. Doped TiO2 nanoparticles were
also prepared using the same procedure by adding appropriate
amounts of metal nitrate (Zn and Cu) to get 2 wt% metal

doped TiO2.
The synthesized samples were abbreviated as Tipure, Ti2Cu

and Ti2Zn for the samples of pure TiO2, Cu doped – TiO2

and Zn doped – TiO2, respectively.

2.3. Characterization methods

Powdered X-ray diffraction (XRD) patterns were performed
on a Diano (Diano Corporation, USA) using Co-filtered Co
Ka radiation (k = 1.79 Å), energized at 45 kV, and 10 mA.

The samples were measured at room temperature in the range
from 2h = 20 to 80�.

Scanning electron microscopy (SEM), JEOL JEM-100CXII
was used to examine the morphology and dimension of the

investigated samples using conductive carbon paint.
The FT-IR spectra of the samples were recorded using KBr

pellets in the range of 4000 to 400 cm�1 on FT-IR a Bruker

vector 22 spectrophotometer.
The optical measurements were carried out in the wave-

length range of 300 to 500 nm using a UV–vis Shimadzu

2101-PC spectrophotometer.
TiO2 nanoparticles on their photocatalytic activities toward removal of organic
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Figure 1 XRD pattern for: (a) Tipure, (b) Ti2Cu, (c) Ti2Zn.
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2.4. Photocatalytic activity measurements

A bath photoreactor system was used to perform the photocat-
alytic reactions. A quartz tube containing the reaction mixture
was placed at the center of the reactor and the mixture was

kept homogeneous using a magnetic stirrer. A UV irradiator
(365 nm) with a 450-W mercury vapor lamp (Hanovia) and a
visible irradiator with a 500-W sodium vapor lamp were illumi-
nated at the center of the quartz tube as UV and visible

sources, respectively. The reactor was equipped with a water
jacket to maintain constant temperature.

The experiments were carried out in the photoreactor with

50 ml methyl orange (MO) solutions prepared in appropriate
concentration using absolute ethanol. Dye solutions were stir-
red in the dark for 20 min after addition of the photocatalyst

to reach the adsorption equilibrium on the surface of the pho-
tocatalyst. The suspension was then irradiated. The photocat-
alyst was separated from the heterogeneous solution at

different time intervals by centrifuging the solution before
any absorbance measurement at 3000 rpm for 10 min to
remove the catalyst particles completely. The decomposition
of MO dye was monitored by the UV–vis spectrophotometer.

2.5. COD test

The reaction mixture with the nano particles and 5 · 10�4 mol/

l KMnO4 were added to the photoreactor system. The total
volume of reaction was maintained at 40 ml and pH of 5.5,
COD 5 mg/l and temperature of 50 �C for each experiment.

The photocatalytic oxidation of the organic compounds got
initiated when the UV lamp got turned on (kmax = 253.7 nm),
leading to a decrease of Mn(VII) concentration. The absor-
bance of Mn(VII) was determined spectrophotometrically at

525 nm. All measurements were repeated three times. For pre-
paring a COD calibration, different volumes of glucose were
added stepwise to the reactor and the corresponding absor-

bance of Mn(VII) was determined. Then, the COD calibration
graph of the absorbance of Mn(VII) versus COD was
obtained.

The efficiency of the glucose degradation percentage [degra-
dation efficiency] was calculated according to:

Degradation efficiency ð%Þ ¼ ½1� ðCt=C0Þ� � 100

where Ct is the concentration after time t and C0 is the initial

concentration.

3. Results and discussion

3.1. Sample characterization

XRD patterns of the pure TiO2 and doped TiO2 samples are
shown in Fig. 1. All phases of the samples exhibited anatase
(tetragonal D4hI41/amd) structure with no evidence of ZnO
or CuO, which implies that both ions incorporated into the lat-

tice of the anatase. The formation of the anatase phase in
doped samples can be explained assuming that Zn2+ and
Cu2+ ions are interstitially incorporated into the TiO2 struc-

ture, promoting a decrease of oxygen vacancies, similar to that
reported by others [23,24].

The crystallite sizes (DXRD) of the prepared samples were

estimated from line broadening using Scherrer equation [25]
Please cite this article in press as: M. Khairy, W. Zakaria, Effect of metal-doping of
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based on (101) peak: DXRD = 0.9 k/bcosh, where k is the
X-ray wavelength of Co Ka radiation (k = 1.79 Å), h is

Bragg’s angle and b is the pure full width of the diffraction line
at half of the maximum intensity. The line broadening results
from the XRD instrument were corrected using a large particle

size silicon standard and the relationship b2 = b2M � b2S, where
bM and bS are the measured widths at half-maximum intensity
of the lines from the sample and the standard, respectively.
The prepared nanoparticle sizes ranged between 9 and 21 nm

with Tipure being the largest and Ti2Cu the smallest as shown
in Table 1. This refers to that the doping ions (Cu2+ or
Zn2+) retard the grain growth of TiO2 nanoparticles. Similar

results of decreasing crystalline nature of material were
observed when Fe2+ and Zn2+ – doped TiO2 were synthesized
[26,27].

3.1.1. SEM

The SEM morphologies of the nanocrystalline pure and doped
TiO2 samples are depicted in Fig. 2. From Fig. 2(a), it can be

seen that the shape of the prepared pure TiO2 photocatalyst
looks like spherical structures. After doping with Cu or Zn,
the morphologies of doped TiO2 photocatalyst as shown in

Fig. 2(b) and (c) are significantly different from the pure
TiO2. They show morphology like aggregated plates.
TiO2 nanoparticles on their photocatalytic activities toward removal of organic
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Table 1 XRD and FTIR data of the samples studied.

Sample Particle size (nm) Formed Phase Wavenumber (cm�1) Assignment Values reported (cm�1)

Ti2Cu 9 Anatase 505 Ti–O (anatase) 436–495,

3419 free hydroxyl 3400

Ti2Zn 10 Anatase 492 Ti–O (anatase) 436–495,

3426 free hydroxyl 3400

Tipure 21 Anatase 458 Ti–O–Ti, Ti–O 436–495,

3426 free hydroxyl 3400

Figure 2 SEM micrographs of: (a) Tipure, (b) Ti2Zn, (c) Ti2Cu.

Figure 3 FT-IR spectra of: (a) Tipure, (b) Ti2Cu, (c) Ti2Zn.
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3.1.2. FTIR

FT-IR spectra of pure and metal doped nano TiO2 are shown
in Fig. 3. Correspondingly, the assignments of the main
absorption bands in the spectra are listed in Table 1. The peaks

located at �3420 cm�1 are assigned to the stretching vibration
of the hydroxyl group on the surface [28]. The vibration modes
of anatase skeletal O–Ti–O bonds [29] are observed at 458, 505
Please cite this article in press as: M. Khairy, W. Zakaria, Effect of metal-doping of
dyes, Egypt. J. Petrol. (2014), http://dx.doi.org/10.1016/j.ejpe.2014.09.010
and 492 cm�1 for Tipure, Ti2Cu and Ti2Zn, respectively. These
differences are attributed to the defects produced in the doped

samples due to the incorporation of the doping ions into the
TiO2 lattice [23,24]. No additional peaks are present upon
Cu and Zn doping, supporting the efficient dispersion of

doping ions.

3.2. Optical properties and applications

3.2.1. Optical properties

In order to check the Ti4+ substitution by doping metal ions,
optical measurements have been performed at room-tempera-

ture by UV–vis spectroscopy. Fig. 4 shows the optical absor-
bance spectra for pure and metal-doped samples. The
samples show a strong absorption below 400 nm (3.10 eV).

The significant red-shift with lower band energy of doped
samples compared to Tipure may be owed to the differences
in the surface state or due to doping effects on the structural

and textural parameters of TiO2. The insertion of Cu2+ or
Zn2+ into the matrix of TiO2 replaces some Ti4+ ions, and
forms abundant doping energy levels as well as creating a
TiO2 nanoparticles on their photocatalytic activities toward removal of organic
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Figure 4 UV–vis absorption spectra of nano TiO2 samples: (¤),

Tipure, (m) Ti2Zn and (n), Ti2Cu.

Figure 5 Plot of (Ahm)2 vs. (hm) for TiO2 samples: (a) Tipure, (b)

Ti2Cu, (c) Ti2Zn.
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charge compensating anion vacancy in the lattice points of
TiO2. The red shift in absorption spectra was also observed

for other transition metal-doped TiO2 [30,31]. The valence
band energy in each of Ti2Zn and Ti2Cu samples needs lower
energy to be excited than that required for that band in Tipure
sample. This means that the introduction of Cu2+ or Zn2+

into TiO2 should improve its photocatalytic efficiency.
Based on the absorption spectra, the optical band-gap was

determined by using Tauc’s relationship [32]:

ahm ¼ Bðhm� EgÞn ð1Þ

where a is the optical absorption coefficient, E ( = hc/k) is the
photon energy, B is a constant, Eg is the optical band gap and
n is 1/2 or 2 for direct or indirect band gap semiconductor,
respectively. E could be approximated by:

E ¼ 1240=k ð2Þ

where k is the measured wavelength in nm.
Tauc’s plots for all samples show that band-to-band direct

transitions are more likely to occur than the direct transitions.

The linear part of the plot of (aE)2 vs. E, Fig. 5, has been
extrapolated to the aE = 0 (where E = Eg). Eg values
obtained are given in Table 2 from which it can be seen that
the Eg values for the doped samples are smaller than those

for the pure one.

3.2.2. Catalytic activity for degradation of MO dye

It is well known that pre-adsorption of the dye on catalytic

solid surface is an important phenomenon for an efficient
charge transfer, and not only does it affect the photodegrada-
tion rate, but also changes the photocatalytic mechanism [33].

For this reason, before examining the photocatalytic activity
of our samples as a catalyst for the degradation of MO,
adsorption test was carried out by keeping 25 ml of MO solu-

tion in neutral pH at initial concentration of C0 = 50 mg l�1

with 2 wt% solid in the dark at room temperature. All solids
showed slight adsorption and reached saturation in 20 min.

Therefore, the photocatalytic studies were carried out after
soaking the samples in dye for 30 min. in the dark.

In photocatalyst processes, one of the main parameters of
discoloration of dye solution is the photocatalyst concentra-
Please cite this article in press as: M. Khairy, W. Zakaria, Effect of metal-doping of
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tion. Preliminary studies showed that by increasing nano-oxide

concentrations, degradation of dye was increased up to 0.2%
nano-oxides. Thus, for the purpose of comparing the results,
we choose 0.2% weight nano oxide as the base parameter as
well as 50 ppm dye concentration at neutral pH (pH= 7).

The photocatalytic results at 30 �C for the nano oxides
under UV and visible illumination are shown in Fig. 6(a)
and (b) from which, it can be seen that the catalytic degrada-

tion rate under each of UV and vis radiation decreases in the
order:

Ti2Cu > Ti2Zn > Tipure

Generally, the activity of photocatalysts depends on several
parameters, including phase structure, specific surface area and
crystalline size [33]. In our samples, introducing doping ions

into the pure oxides did not show any change in the crystal
structure but caused a slight change in their particle size and
an appreciable increase in their photocatalytic activities. This

may be attributed to the effect of producing impurity energy
levels in the energy gap of pure TiO2 sample.

3.2.2.1. Kinetic study. Photocatalytic oxidation process for MO
was studied under UV and visible illumination. According to
multiple works [34–36] the assumption of a pseudo-first order
model (Eq. 3) was used to characterize the photocatalytic deg-

radation rate of most organic compounds

�dC=dt ¼ kappC ð3Þ
TiO2 nanoparticles on their photocatalytic activities toward removal of organic
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Table 2 Optical data of pure and doped TiO2 samples.

Sample Particle size (nm) Absorption range (nm) Band edge (eV) Band gap (eV) Band gap in literature

Tipure 21 300–390 4.28 3.3 3.23

Ti2cu 9 300–470 4.00 3.0 2.70

Ti2Zn 10 300–450 3.70 3.2 3.05

Figure 6 Photocatalytic degradation of MO under: (a) UV

illumination, (b) visible light illumination at 30 �C in presence of

pure and doped TiO2 samples: ¤) Tipure; m) Ti2Zn and n) Ti2cu.

Figure 7 Pseudo 1st order plot of photocatalytic degradation of

MO at 30 �C (a) under UV irradiation, (b) under visible

irradiation in presence of: m) Tipure; d) Ti2Cu and n) Ti2Zn.
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where kapp is the apparent rate constant and is affected by dye-
stuff concentration. Integration of that equation (under initial

condition of C = C0 at t= 0) will lead to the expected
relation:

lnðC0=CÞ ¼ kappt ð4Þ

Fig. 7(a) and (b) shows the kinetic results of methyl orange
degradation by our samples under both UV and visible light

illumination. The semi log data plot does not produce a single
straight line, hence does not fit a simple first-order reaction
model for the entire period of illumination examined. This plot
presents two linear regions that can be explained by the follow-

ing reaction mechanism:

Organicdye ðMOÞ!adsorbedbysurfacepowder

!k1 intermediateproducts!k2 colorlessproduct

In the first stage of the reaction, the methyl orange is
adsorbed on the surface of the powder, and then the organic
dye gets degraded to intermediate products [37]. The reaction

rate constant k1 and k2 values for the second and third steps
were calculated from the slopes of the plot of ln (C/C0) against
t, using the least squares method, Fig. 7. The kinetic data

obtained are listed in Table 3.
Please cite this article in press as: M. Khairy, W. Zakaria, Effect of metal-doping of
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The photodegradation results show that the metal–doped
oxide catalysts exhibited a significant increase in the MO pho-
todegradation rate comparable with that obtained for pure

TiO2, Fig. 6. This may be explained on the basis that the intro-
duction of doping ions into the pure oxide matrix can act as
electron–hole separation centers [30,31]. For example, when

the Ti2Zn sample gets excited by photons with energy higher
than the gap energy (Eg), a great number of electrons are pro-
moted from valence band (VB) to the conduction band (CB) of

ZnO and TiO2, leading to the generation of electron/hole
(e�/h+) pairs. The electrons transfer from the CB of TiO2 to
the CB of ZnO, and conversely, the holes transfer from the
VB of ZnO to the VB of TiO2 decrease the pairs’ recombina-

tion rate. Therefore, it can be concluded that the nano-Ti2Zn
can largely enhance the photocatalytic efficiency of MO degra-
dation, and thus, the determination time is shortened and the

sensitivity is increased.
TiO2 nanoparticles on their photocatalytic activities toward removal of organic
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Table 3 Kinetic data for MO degradation under UV and visible illumination at 30 �C in presence of TiO2 samples.

Sample Under UV illumination Under vis light illumination

k1 · 102 (min�1) k2 · 102 (min�1) Efficiency (%) k1 · 102 (min�1) k2 · 102 (min�1) Efficiency (%)

Tipure 2.29 0.45 27 0.21 0.40 3

Ti2cu 8.15 2.83 73 4.11 1.34 50

Ti2Zn 6.40 1.54 62 3.26 0.92 40

Table 5 Comparison between the permanganate index

method and the used method.

Sample No. COD (mg/l)

by our method

COD (mg/l) by

permanganate index

1 6.51 6.47

2 2.22 2.19

3 9.81 9.87

4 7.13 7.15
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3.2.3. COD determination

The chemical oxygen demand (COD) determination is com-
monly used to indirectly measure the amount of organic com-

pounds in water. It is a measure of the oxygen equivalent of
that portion of the organic matter in a sample that is suscepti-
ble to oxidation by a strong chemical oxidant.

Mn(VII) is a strong oxidizing agent and has a potential
value in the range of 0.56 to 1.23 V depending on the pH of
solution [38]. Therefore, we used here the oxidation of organic
materials (glucose) by KMnO4 as a tool for COD determina-

tion in water [38]. The optimum conditions (T, pH, concentra-
tion of KMnO4) for studying the photocatalytic efficiency of
the studied samples were T = 50 �C, pH = 5.5 and

[Mn(VII) = 5 · 10�4 mol/L. Fig. 8 shows the results of the
catalytic reactions carried out on glucose solution under UV
irradiation. The catalytic efficiency is tabulated in Table 4.

Ti2Cu catalyst showed the highest photocatalytic efficiency. It
showed efficiency value of 96% within 95 min. By using Ti2Cu
catalyst and different concentrations of glucose, a calibration
plot between optical absorbance and COD was completed.

Four genuine samples, from various sources of groundwater,
were analyzed using the calibration plot and the results
obtained were found to agree well with those found by the con-

ventional analytical method (permanganate index method)
[39], Table 5.
Figure 8 Catalytic efficiency of TiO2 samples for oxidation of

glucose by KMnO4: (¤), no catalyst; (n), Tipure; (m), Ti2Zn and (·),
Ti2Cu.

Table 4 Catalytic efficiency of TiO2 samples for oxidation of

glucose by KMnO4.

Sample Efficiency (%)

No catalyst 22

Tipure 79

Ti2Cu 96

Ti2Zn 95

Please cite this article in press as: M. Khairy, W. Zakaria, Effect of metal-doping of
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4. Conclusions

XRD showed anatase structure for Tipure, Ti2Zn and Ti2Cu
samples. The crystallites sizes lie in the range of 9 to 21 nm
for TiO2 samples. UV–vis spectra for pure and doped TiO2

samples showed absorption peak for Tipure in UV – region

and shifted to longer wavelength by introducing the doping
of metal ions (Cu2+ or Zn2+). The photocatalytic activities
for the TiO2 samples investigated, as evaluated by photodegra-

dation of MO solution, were found to depend on the type of
dopant introduced into TiO2 lattice. The catalytic degradation
rate under both UV and visible radiation decreases according
to:

Ti2Cu > Ti2Zn > Tipure

The incorporation of the doping metal ions is lead to dimin-

ish in the electron–hole recombination that improved the
photocatalytic activity under light irradiation. The kinetics of
photo-degradation of MO over the studied catalysts followed

a series of first order reaction. Ti2Cu showed the highest rate
constant and the highest efficiency in COD determination.
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